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tetrakis(d:‘thylphenylphosphOLite} transition metal come
plexes are reported.

The crystal structures of the hydrido complexes
HzFe((CéHs)P(OC2H5)2)4 and HCO((C6H5)P(OC2H5)2)4 have been
determined, The phosphorus ligands are disposed nearly
tetrahedrally about the metal atoms, with the hydrogen
ligands occupying faces of the tetrahedra.

Infrared and n.m.r, studies of the hydrido complexes
in methylcyclohexane solution indicate that the molecules
are stereochemically non-rigid. The classical coordination
structures used in discussing rearrangements of five-
and six-coordinate complexes (octahedron, square pyramid,
and trigonal bipyramid) are found to be inadequate in the

esent complexes. A structure based

0]

discussion of the p

(9]

on a tetrahedral skeleton of phosphorus atoms is presented

as an alternative.
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Properties of Phosphorus Ligands

If a poll were taken among the transition metals
to determine which ligand atom they considered to be
most versatile, chances are good that a majority of the
metals would cast their vote for phosphorus. As the
huge amount of work published in the past twenty years
shows, the trivalent phosphorus atom is a veritable Jack-
of-all-trades., 1t forms Lligands which can behave similarly
to the amines, and yety; with an increase in The electro-
negativity of its substituents; a phosphorus ligand can
resemble carbon monoxide in behavior.

The ability to form complexes resembling those of
carbon monoxide was attributed by Chatt (1) to "dative
T -bonding” in which the empty d orbitals of the phosphorus
atoms accept electron density from the metal atom, Chatt
based this argument on studies of PFq, in wnich the high
electronegativity of the fluorine atoms contracts the

phosphorus d orbitals to a point where significant inter-

~

action with the metal d orbitals is possible., Since a

]
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Similar back donation can occur from the metal d to the
carbon p orbitals of carbon monoxide ligands, and PF3 and

CO can be expected to show similar behavior as ligands,

©

As the knowledge of wvarious ligands increased through
subsequent work, it became clear that other phosphorus
ligands, although certainly electron donors, had special
properties not observed with amines and other o-donors,
The w-back donation theory eventually became generally

accepted for all phosphorus ligands, not just those having

ronegative substituents. Although blessed with a

®
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good deal of merit; the theory of back donation to phos-
phorus ligands, especially those such as triethyl- and
triphenylphosphine, has been greatly overemphasized,
Inevitably, doubt has arisen as to the extent of back
bonding in some complexes, although the argument that all
the observable behavior can be explained in terms of o-
bonding (2) seems less tenable than the overworked 77 -
bonding theory.

A more moderate view is probably nearer to the truth:
in this case. Although w~back bonding is indeed possible
for all phosphorus ligands, it is unlikely that it becomes
of real significance unless the phosphorus substituent

are highly electronegative, Thus, it is observed that

)

PF, is very similar to CO (3) while PPh,_ acts more like
3

a simple o-donor ligand. The lower oxidation states

O



of metals are generally stabilized by PFS and various phos-
phite esters, while the higher oxidation states are favored
by the alkyl and aryl phosphines. Infrared studies of
carbonyl complexes substituted with a wvariety of phosphines
indicate that the wr-acceptor properties of phosphorus
ligands decrease in the order PF,>PCl,>POR4>PRg (4,5).

The present work reports the properties of an inter-
mediate ligand, <C6H5>P(OC2H5)2° The initial investiga=-
tions of complexes of this ligand indicated that it had
significant 7= as well as o -bonding capabilities (6).
The ultraviolet spectrum of the nickel complex showed a
much lower energy for the d— 7% transition than was

nalog (7). 1t was inferred

1)

observed for its P{OCZH )3
from this observation that (C6u5)P(OC2H5)2 is a better
7r =acceptor than P(OC,H. ).,
1°3°5

The versatility of this ligand is itself quite inter-
esting. Although a zero-valent tetracarbonyl complex
is unknown for platinum, nickel tetracarbonyl has been
known and studied for years., Platinum apparently tends
to favor ligands which do not require a strong w-inter=
action and forms a zero-valent tetrakis(triphenylphosphine)
complex. The corresponding nickel-triphenylphosphine
complex is unknown. The o- and 7W~bonding capabilities

of <C6HS)P<OC2H5>2 appear to be balanced in such a manner

that stable zero-valent complexes of both nickel and



(9]

platinum can be prepared,

Stable hydrides of Fe(ll) and Co(l) with (C6H5)P-
(0CyH5)9, analogous to the carbonyl complexes first pre-
pared by Hieber (8,9), have also been prepared., With
triphenylphosphine, the Fe(IIl) and Co(Il1l) hydrides are
more stable, and have been extensively studied in the
past few years (10-~16).

In the following pages are reported syntheses and
structural studies of several complexes of diethylphenyl-
phosphonite, (C6H5)P(OC2H5)2. In the initial stages of

this work, various substituents were investigated in place

R

of the ethyl group in an attempt to improve the bonding
capabilities of the ligand. These were: 1isopropyl, iso-
butyl, tertiary butyl, trifluorocethyl, and phenyl. The
ligands were all prepared from the corresponding alcohols
by the prescribed method (see Experimental Section),
but none provided any apparent advantages over the ethoxy-
substituted ligand, and they were not investigated further,
In contrast to expectation, fluorinating the phenyl ring
does not appear to improve the complexing ability of the
phosphonite., Since the synthesis of the fluorinated
ligand is somewhat more complex, it is reported in the
Experimental Section,.

The hydride complexes reported below are non-rigid in

solution, a feature which has been observed for several



(@)

complexes of this type (17). It is found that the classical
coordination structures used in discussing five-and six-
coordinate complexes (octahedron, square pyramid, trigonal
bipyramid) are less than adequate in the discussion of

these compounds, A general structure based on a tetra=-

edral skeleton of phosphorus atoms is presented as an

oy

alternative,
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PREPARATIONS

Because of the poisonocus nature of phosphines, phos=

-

phonites; and theilr transition metal complexes, the experi-
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iined in this section all should be
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carried out in an efficient fume hood., Care must also
be taken to avoid physical contact with these compounds;

plastic gloves are desirable. While the volatile phos-
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before their concentration reaches the danger level, the
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non-volatile metal complexes can ea
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ly escape detection;
and therefore, should be treated with a reasonable amount
of respect,

All of the reactions reported here were carried out
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Diethylphenylphosphonite

(C6H5)P(OC2H5)2
2(CyH5)3NH CL~

The large bulk of amine hydrochloride by-product
produced in this reaction necessitates the use of a
powerful mechanical stirring motor. This preparation is

an adaptation of the method of Rabinowitz and Pellon (18).

dropping funnel, mechanical stirrer, and nitrogen inlet
and outlet, are combined 163 gm triethylamine (1.6 mole),
74 gm absolute ethanol (1.6 mole), and 700 ml benzene.
The resultant solution is then cooled in an ice bath to

0 - lOOC. A large plastic ice bucket is useful for this
and later operations regquiring cooling for the large
flask. Phenylphosphonous dichloride (143 gm, 0.8 mole)
is weighed out in the hood (it is a fuming liquid with an
extremely irritating odor) and transferred to the dropping
funnel, The brief exposure of PhPC12 to air during the
weighing does not lower the yield appreciably, although
the yield is significantly reduced if the dichloride has
spent several months on the shelf. While the solution

is stirred, the dichloride is added dropwise from the

funnel. Because of the wvolatility of the reactants, some



amine hydrochloride forms in the vapors above the solution
and tends to form clouds which obscure the reaction mix-

ture from view, This effect can be minimized by reducing
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and making certain that the temperature

in the flask does not exceed 10°C., The nitrogen f£low should

be kept at a minimum to reduce the chances of

clogging the outlet and bubbler with amine hydrochloride,
The addition requires about 1 to 2 hours, depending

on the temperature of the flask and how mucih of the amine

hydrochloride one is willing to have floating around above

0}
®]

has been added, the reaction mixture consist
cream~coclored slush,
hour, after which the ice bath is removed and the flask
allowed to warm to room temperature. The mixture is
stirred for an additional hour

The nitrogen flow is increased (by this time the amine
hydrochloride clouds have been absorbed by the slush)
and the stirring rod and blade are removed., After wiping
the stopcock grease away Ifrom the ground glass joint which
held the stirring apparatus, a 10 mm tube with a medium
porosity filter at one end is lowered into the mixture,
The tube passes through a rubber stopper, which is used
to seal the contents of the flask from the atmosphere

while still allowing the height of the filter to be



adjusted. At the opposite end of the filter tube is a ball
joint which is connected to another 10 mm tube leading
into a 2 liter 2-necked flask., The other neck of this
flask is connected through a stopcock to a vacuum pump.
Since the receiving flask is never completely evacuated

 »

during the filtration, it is best to flush it with nitro=

’,—l

gen before the filtration begins,

The receiving flask is immersed in an ice bath, and
the filter tube in the reaction flask is adjusted until
it almost touches the bottom. The stopcock to the vacuum
pump is then opened for a few seconds to get the filtra=-
tion started. Only a small pressure differential 1s needed;
too great a pressure reduction in the receiving flask
causes the filter to become clogged. The ice bath for the
receiving flask reduces the vapor pressure of the benzene,
and thus only occasional use of the vacuum pump is required,
When most of the liquid has passed into the recelving
flask, 200 ml of cold benzene are added to the amine hydro=-
chloride in the reactiocn flask. This and two additional
washes of 200 ml each are filtered into the receiving
flask. Some amine hydrochloride usually is able to pass
through the filter during washing, but this is removed
later.

After adding nitrogen to the receiving flask to equal-

ize the pressure inside with atmospheric pressure, the



tube from the filter is removed and replaced with a stopper.

an be stored for several days under nitrogen
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the filtrate

O
-

A large magnetic stirbar is added t

'.
r—-!

tached to a distillation apparatus
with a 2 liter receiving flask. The receiving flask is
immersed in an ice water bath, with the ice water being
circulated through the condenser by a centrifugal pump.
The system is then evacuated and the filtrate warmed on
an oil bath until the benzene begins to distill, Vigorous

stirring with the magnetic stirbar reduces bumping and

Yoo B m - e giexa T Fowe J ~ G - 3 B ~,
splashing. The system usually does not need to be open
& o
2ela A — e BN Cdamamn =y Foa S =3 T - < oy A o -
to the vacuum pump after the initial evacuation, as long

as the receiving flask and condenser are kept in ice water.
After the benzene has been distilled into the receiver,
a light-yellow cloudy liquid remains in the flask., The
cloudiness 1s the result of small amounts of amine hydro=-
chloride which elude the first filtration or which precip-
itate out after removal of the benzene. It cannot be
removed by distillation since it comes over with the
phosphine in much the same manner as a steam distillation.
The flask containing the residue is then attached to
a filter tube heading to a 300 ml flask. The smaller flask
is partially evacuated and the liquid filtered into it,

When the filtration is complete, a magnetic stirring bar
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is added to the flask, and the flask is attached to a
small vacuum distillation apparatus.
The system is evacuated and the crude phosphine

£

heated on an oil bath, The distilletion column should be

lected at 56 - 57 C, 0.05 mm Hg. Yield: 97.3 gm, 61%.
Found: C, 60.44; H, 7.64; P, 15.53.

The product is moderately air sensitive and should
be stored under nitrogen. Its infrared spectrum has

been reported (19).

Diethyvl-p=fluorophenylphosphonite

(p-FCgH, )P (0C,Hs),

This compound is prepared in the same manner as

(C6H5)P(OCZH5)29 substituting p-FC6H4PC12 for CgHgPCly,

The p-FC6H&PCl is prepared according to the method of

2
Schindlbauer (20).

In a 2 liter 3-necked flask equipped with a mechanical
stirrer, dropping funnel, reflux condenser, and nitrogen
inlet and outlet are combined 188 gm AlCl3 (1.4 mole)
and 579 gm PC13 (4.2 mole)., The mixture is heated to

reflux on an oil bath. After stirring for 15 minutes

(all of the ALCL; does not dissolve), dropwise addition



of 100 gm fluorobenzene (1.04 mole) is begun,

D

th
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fluorobenzene is add

G

most of the remaining AlCL

w

addition is complete (about
reaction mixture is cloudy,
The mixture is then stirred

about 4 hours.

Tk

As the
solution becomes brown and
eventually dissolves., When the

1 hour addition time), the
and light brown in color,

at refluxing temperature for

After cooling the contents of the flask to about

60°C, 216 gm POCL,

POCIS°A1C13 adduct

is washed six
ether,

the reaction filtrate,

(1:4 mole) are added dropwise,

The

immediately from the

the washes being filtered into the receiver with

The petroleum ether and PCl3 are removed by the same

method used to remove solvent benzene from the (C6H5)P—

(OC2H5)2 reaction mixture,
was transferred to a

poud
lgu

Bp. 58 - 60°C, 0.05 mm

The crude product {about 125 ml)

<

smaller flask and vacuum distilled.

Yield: 118 gm, 60%.

The preparation of the corresponding diethyl ester

is carried out using the method reported above for the

syn‘ches is of (C6H5)P (CC2H5>2 .

The quantities of reactants

are 70 gm (1.52 mole) absclute ethanol, 130 gm (1.27 mole)
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triethylamine, and 118 gm (0.6 mole) (p—FC6Hb)PC12.
)
The solvent again is benzene (700 ml).

e crude product about

o
o
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Upon wvacuum distilla

his represents a

=3

70 gm p—FC6H4P(OC2H5) are obtained,
55% yield based on the dichloride. The p.m.r., spectrum
indicates only two types of aromatic protons, as is ex-
pected for para disubstituted benzene. Anal Calc for
CIOHISFozPs C, 55:56; H,; 6,533 F; 8.79; P, 14.33, Found:s
C; 55,36y Hy, 6.43; F, 8.98; B, 14.:39,

5
(0]
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pot
.

In a 100 ml 3-necked flask equipped with a reflux
condenser, dropping funnel (10 ml), magnetic stirring
bar, and nitrogen inlet and outlet are combined 1.27 gm
(0.01 mole) anhydrous ferrous chloride, 10 gm (0.05 mole)
diethylphenylphosphonite, and 50 ml absolute ethanol,
This mixture is stirred at reflux temperature for three
hours. The resultant solution is nearly colorless, al-
though in some cases it has a light gray or green cast
(If heating is continued for an additional hour or two,
the solution becomes yellow, presumably due to the form-
ation of small amounts of HZFeLQG). The contents of the

= ’
p)

-~ (o o} -
flask are cooled to 40 - 50°C and a freshly prepared

solution of sodium borohydride (0.2 gm in 10 ml absolute
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ethanol) was added slowly from the dropping funnel. It is

extremely important that the sodium borchydride used in

this step be of high quality. Although this reaction has

9.

@)

een successfully carried out using FeC12°4H20 instead of
anhydrous material, it invariably gives a low yield if the
sodium borohydride used in the reaction is lumpy or crusty
in appearance. Initially upon addition of the borohydride,
the solution turns red with some evolution of gas, but

after a few moments the reddish color fades and the final

Y

add

[65)
(]

color at the completion o

lJ

tion is dark yellow-brown.
A small amount of gray powder precipitates from the solu-
tion during the addition. The mixture is then stirred for
about an hour, and the dropping funnel is replaced by a
medium porosity filter tube leading into a 100 ml round
bottom flask fitted with a sidearm and stopcock. The
sidearm 1s connected to a vacuum pump and the stopcock
opened to evacuate the receiving flask. The nitrogen

flow is increased into the reaction flask, thus flushing
the filter tube and the receiving flask. The stopcock to
the pump is then closed, and the nitrogen pressure allowed
to equilibrate on both sides of the filter. The system

is then tilted so that the reaction mixture can flow into

1

the filter tube., The stopcock connected to the vacuum
line is then opened for a second or two, to lower the

pressure slightly in the receiving flask., A large pressure



differential can cause the filter to clog. After all of
the solution has passed into the receiver, the vacuum line
is replaced with a nitrogen line. The stopcock is opened,
and with a rapid stream of nitrogen flowing through the
receiving flask, the filter tube is removed and replaced
with a glass stopper. The solution is allowed to stand
at room temperature for several hours., Lf crystallization
has not occurred by this time, the solution can be stored
in a refrigerator. Large yellow holohedral prisms sepa-

rate from the solution, which is drawn off with a syringe

ethanol and dried in vacuo., Yield: 3 -« &4 gm, about 40%.
The crystals are best stored under an inert atmosphere in
a refrigerator, although they can be stored indefinitely
at room temperature in a light-free, carefully evacuated
vessel. Anal Calc for C40H62Fe08P4: G, 56,483y H, 7.35;
Fe, 6.57; P, 14.56, Found: C, 56,46; H, 7.30; Fe, 6.72;

Py 14,73,

Dideuteridotetrakis{(diethylphenylphosphonite)iron(11)

DyFe((CgHs)P(OC,Hs)5)

This complex is prepared in

S}

manner analogous to the
cor:eopondlng hydride complex except that C2H50D is used

as the solvent and NaBD, is used as the reducing agent,
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s

Attempts to prepare the deuteride from the hydride by treat-
ment with D2 and recrystallization from CZHSOD failed to

yield anything but unsubstituted starting material,

Dihydridotetrakis{diethyl-p~fluorophenylphosphonite)iron(Ill)

)
)

on of this complex is the same as that

e

The preparat

0]
§i

s
i

or

Hh

reported e({CgH5)P{0CyHg)p)4. In this case, however,

2
the product was apparently impure. T
final traces of solvent appears to be part of the difficultw
Otherwise; the color is light yellow, and the infrared
spectrum indicates nothing unusual. The iron-hydrogen

-1
stretching frequency is observed at 1978 cm .,

Hydridotetrakis(diethylphenylphosphonite)cobalt(l)

HCo((CgHs5)P(0C,Hs)0)y,

In the same apparatus used for preparing the iron come
plexes are combined 1.30 gm anhydrous cobaltous chloride
and 50 ml absolute ethanol, After warming to 50 =« 6OOC
and stirring for a few minutes, all but a few particles

=~

of the chloride dissolve, yielding a dark blue solution.
With a stream of nitrogen passing through the flask,
diethylphenylphosphonite (10 gm, 0.05 mole) is then added

from a syringe, giving rise immediately to a dark green



ension. After stirring this mixture for 15 minutes,

ride

[N

a freshly prepared, saturated solution of sodium borohy
in ethanol is added dropwise until the color of the reac-
tion mixture becomes bright yellow., The addition is
accompanied by a vigorous evolution of gas; about 4 - 5 ml
of borohydride solution are usually required, The mixture
is stirred for 15 minutes and then filtered. Occasionally,
some of the product precipitates from the solution before
the filtration, This is crystalline rather than granular,
distinguishing it from the usual grey bi-product of the
reaction. The crystals can be redissolved by heating, or
the addition of more ethanol. After filtering as for the

X o iz P T & g o s win s Vaamm® wman 2w 299 mvansd
iron complexes, the yellow-crange solution is allowad to

The product separates from solution as orange holohedral
prisms., The mother liguor is drawn off and reduced in
volume to obtain more product, The crystals are washed
with cold ethanol several times, and dried in vacuo.
Yield: 6 - 7 gm; 70 - 80%. The compound can also be pre-

rared in the absence of sodium borohydride by merely re-

fluxing together for sev

o

i 4
ral hours the CoCl9 phosphonite;,

md

and ethanol., Presumably this reaction involves the transfe
a hydride ion from the alpha carbon of the alcochol (21).
The yield by this process is only about 10%. Anal Calc

for C&OHélcOOBPQ’ C, 56.,34; H, 7.21; Co, 6.91; P, 14.53,
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Found: C, 56.25; H, 7.22; Co, 7.00; P, 14,28, The crystals
are stable to air for a few days, and can be stored inde=~

finitely at room temperature under nitrogen.

Deuteridotetrakis(diethylphenylphosphonite)cobalt(l)

DCo((C6H5)P(OC2H5>2)4

(8N

This complex is prepared by the method above except
CD and NaBD, for CZHSOH and

o As in the case with iron complexes, attempts to

Q.
©
o
or
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et
(w3
®
ot
3

the hydride complex by exchange with D2 and

Hydridotetrakis(diethyl-p~fluorophenylphosphonite)cobalt(l)

HCo ({p-FCyH,)P(OCyH5) 5y,

The above method was used to prepare this complex,
The product resembled the diethylphenylphosphonite complex
in appearance although the weak cobalt-hydrogen stretching

absorption was not observed in the infrared spectrum.

Tetrakis (diethylphenylphosphonite)nickel(0)

Ni((CgHg)P(OCyH5) 5y

This compound was prepared by the reported method (7).

The product crystallizes as light-yellow, square plates,
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complex is unreliable. For the present study, 0.495 gm
CuCl (0.005 mole) is combined in the usual reaction appar-
atus (see preparations above) with 4.5 gm (C6H5)P(OCZH5)2
(0,0225 mole)., The mixture is heated to 110°C on an oil
bath. The solid slowly dissolves yielding a clear, color-
less liquid, After stirring at 100 =~ llOoC for about 6
hours, the heating bath is removed and the flask immersed
in a liquid nitrogen bath. The flask is then stored at
-20°¢ for several hours. The contents of the flask are then
allowed to warm to room temperature, The residual white
crystals are broken up and washed several times with 10 ml
portions of cold (IOOC) petroleum ether, and dried in
vacuo (at SOC)e Yield: 3.5 gm, 80%. The complex tends

ociate in a vacuum at room temperature, yielding

0

o dis

ot

free phosphine and ((C6H5)P(OC2H5)2)3CuClQ Anal Calc for
CaoHéOClCUO8P4X C, 53075; I’Ig 6076; Cl, 3998; Pp 13.88.
Found: €, 52.49; H, 6.88; Cl, 4.,67; P, 13.95. The com=-

pound is best stored under nitrogen in a refrigerator,
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Totrakis(diethylphenyiphosphonite)palladium(Q)

Pd((CéHS)P(OC2H5)2)4

)

This compound was prepare the literature method

u
o
o}
i
o)
(]

H

(7), although in much lower yield than reported (10%).

Crystals could only be cobtained by storing the reaction
s G = i 3 % 8

mixture at =20 C., After washing the product with cold

£o & % .5 4 o ,
ethanol, it is dried in vacuo (~107C),and can be stored

. . ® - Oq
indefinitely in a vacuum at =20 C.

Tetrakis{(diethylohenylphosphonite)platinum{(0)

stirring bar and fi

nnel, and nitrogen inlet and ocutlet are combined 1 gm

Hh
o
)

PrCl, (3.75 mole) and 25 ml absolute ethanol. To this dark
brown mixture is added 4 gm (C H )P (OC 5) (0.02 mole),
and the flask is warmed on an oil bath, The color of the
mixture begins to lighten immediately (even before it is |
warm), and the solid gradually dissolves, After ten min-
utes a clear; nearly colorless solution remains., The sol-

or one hour., A

Fa

ution is stirred at reflux temperature
freshly prepared, saturated solution of sodium borochydride
in absolute ethanol is transferred to the dropping funnel,

With the oil bath temperature at 60°C, the borohydride
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reaction mixture, Ad-

ct
¥
o

solution is added dropwise to

dition is continued until further drops of the borohydride

5

solution fail to produce a vigorous evolution of gas.

The resultant mixture (very light yellow) is stirred at a
bath temperature of 50°C for one hour., It is filtered
while hot, using the method described above for the iron
complex, The filtrate is allowed to stand under nitrogen
at room temperature for several hours, The mother liquor
is drawn off with a syringe and the nearly colorless
platelets washed six times with 5 ml portions of absolute

re dried in wvacuo., Yield:

<2
®

ethanol (10°C). The crystals

45}

3.18 gm, 86%. A second crop of crystals can be cbtained
by placing the mother liquor in a refrigerator for a few
days, raising the yield to 98%. The product is stable to
air for several hours; it can be stored indefinitely under
argon or nitrogen. Anal Calc for Cy3Hen0gY,Pt: C, 48.63;
H, 6.,12; P, 12,54; Pt, 19,74, Founds C, 49,30; H, 6.25;
By, 12.12; Px, 19.88,
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Infrared spectra were ol

spectrophotometer. Samples were run

on a Perkin-Rlmer 225

either as Nujol or

fluorocarbon mulls or as thin films between Csl and KBr

plates. Low temperature solution work was carried out using

an AgCl 0,01 mm cell encased in a vacuum chamber having

KBr windows. A thermocouple attached to the cell monitored

the temperature. Raman spectra

model 80 spectrophotometer utili:

jation,

©
0
e

exciting ¢

a Varian Associates 220 megacyc

were obtained on a Cary

by

elium-neon laser

N.m.r. spectra were cbtained using

astrument,



The crystal structure calculations were carried out
using programs of the CRYM system on an IBM 360/75 computer.
The weighting function used was w = 1/o where o is the
standard deviation of the intensity. The residual index,

R, was calculated from the relationship:

In the least-squares refinements the function minimized was:

l2>2

calce

[}

derived from the least-

0

Standard deviations of the parameter

P

squares refinements were calculated using:

E:w(kzF 4 - F 2>2 1

] obs “calce b
o, = {(A P gy 2
5 15 il &= O
; : e i o e o £ s B -1
where o, is the standard deviation of parameter i, (& >4i
is the diagonal element of the inverse matrix corresoonding

to parameter i, m is the number of observations, s is the

~

number of parameters being refined, and k is the scale



(]
(&)

4

n

\Ecr

ION II

¢

DIHYDRIDOTETRAKRIS (DIETHYLPHENYLPHOSPHONITE)IRON(II)
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INTRODUCTION

The first complex transition metal hydride, H2Fe(CO)4,
1as reported by Hieber in 1931 (8). 1t is an air sensitive,

- . o o ° 1 ~ . S
ermally unstable liquid which decomposes at -10C (22).

e £ a ereat deal of research into the br 2 e
11 §plitlTe oL a greacx eal OL researcii 1Lnco tiae propertles

of the complex, its structure is still in question (23).
Probably the most significant structural work to date has

been reported by Ewens and Lister (24) (electron diffrac-
tion) and G. Wilkinson, et al (25) (broad line proton
magnetic resonance spectra).

The electron diffraction experiment yielded data
wnich were best explained by a tetrahedral disposition of
the carbonyl groups about the iron atom. Unfortunately,
only planar and regular tetrahedral geometries for the four
carbonyl groups were considered as possible models., No
attempt was made to compare the data with those calculated
for tetrahedra which had been distorted by the positioning

nd ed positions, The assign-

®

ac

Fh
o
o)

of hydrogen atoms in

6]

ment of a regular tetrahedral configuration to the carbonyl



skeleton led to the belief, popular for several years,that
the hydrogens were bonded to the carbonyl groups (23).

In the broad-line p.m.r. work, it was assumed that the
width of the band was due entirely to intramolecular pro=-
ton-proton interactions. The H-H distance was then calcu-
- § s o p oy &
lated to be 1.88%0.05 A. 1In order to calculate the metal-
hydrogen distance, it was necessary to assume a specific
geometry for the hydride ligands. At the time of the p.m.r.
work, the belief that the hydrcgen was buried in the elec-
tron cloud of the metal was enjoying some popularity. Using
an undistorted tetrahedron of carbonyls as a base, the
authors decided upon a rather unfortunate range for the H=-

o o) - = ’
Fe-H angle (109 -1257). The Fe-H distance was then calcu-
lated to be a fashionable, but as we know now, unrealistic
o - - ° - L~ o o
1.1 A. Neutron diffraction and x-ray diffraction studies of
other complex metal hydride complexes (including the pre-

sent work) have since shown that transition metal-hydrogen

Q

: o
distances lie in the range 1.45-1.65 A. A very accurate

G

=0

M-H distance, 1.601(16) A, has been obtained from a neutron
diffraction investigation of HMn(CO)S (26}« 1f a 90° H-Fe-H
angle had been assumed, the Fe-H distance calculated would
have been a more reasonable 1.33 X, With corrections for the
probable intermolecular H-H interactions, this value would
approach the 1.45-1.65 £ now generally accepted for M-H

bond distances. It is likely that the configuration of H2Fe-

(CO), approximates a tetrahedron of carbonyl ligands, with
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the hydrogen atoms lying on two of the 3-fold axes. A re-
cent report of the infrared and Mdssbauer spectra of HzFe-
(CO)Q is consistent with such a structure (27). A weak band
at 1887 cmnl in the infrared spectrum has been assigned to
the metal-hydrogen stretching frequency.

In 1960, Chatt (28) reported the preparation of a new

% g % i = v o LGNS o8 o s
complex iron dihydride, nch\o-06“4(1 t2)2>2° In contrast
to the carbonyl dihydride, this compound 1is crystalline

and thermally stable (dec. 250 C). On the basis of the
n.m.r. spectrum (3 lines of the expected quintet were
observed, T23.1) and the low dipole moment, 1.80 D, the
complex was assigned a trans configuration. The results of
the present work indicate that such an assignment cannot

be made on the basis of n.m.r. or dipole moment data alone.
The n.m.r. spectrum, for example, could also be explained
by a cis configuration, if the triplet of doublets (as
found for the cis form of the analogous dihydride complex
(29), HZFe(C6H5P(OCZH5)2)4) were not well resolved.

Fortunately, other evidence is available which tends

0}

to confirm the trans assignment. The iron-hydrogen
stretching frequency shows up as a strong band at 1726 cm-{
The corresponding dideuteride band appears at 1259 cm-l.
These data are valuable in three respects, First, there is
only one band; this is expected from the symmetry of a

trans isomer. Second, the band is very intense by compari-

son with bands of known cis-dihydrides. This is exXpected



for the asymmetric mode of a trans isomer. Third, and
most important, the band is observed at a relatively low
energy. Alkyl, aryl, and hydride ligands are thought to
have a very large o trans influencey the effect of which
is to weaken o bonds trans to them. In the case of phos-

to a hydride, the weakening

7]

phine or carbonyl ligands tran
of the trans o bond apparently can be compensated for at
least partially by an increase in the d7v —d w7 or d7w —pw
interactions, This compensation is impossible for the
hydride ligands in a trans dihydride complex, and thus the.
iting in a lower energy for

stretching vibration, In dihydride complexes the

[

o la S W LA b ST | 2 = o~ S e - - - s .+ ~ P -~ S5 - S
shift 1n bands going from cis Lo Lrans is guite significant,

< b "

Cis isomers display metal-hydrogen stretching absorpt

=1 -1

in the range 1800 - 2050 em , and may be as high as 2200 cm

i

C
(&8

Cinis

in cases where the hydride is trans to a ligand such as
Cl-; trans isomers absorb in the 1600 - 1750 cmm1 range.,

As is generally observed for transition metal hydride
complexes of tertiary organo-phosphines, the hydrogens in
HZFG(O"CéHQ(PEtz)Z)Z show no acidic character (31). This
is markedly different from the behavior of transition metal

carbonyl hydrides; which are generally quite acidic (kl

-2
for HzFe(CO)4 is 4x10 ) (32). The phosphine complexes

are usually unaffected by treatment with strong bases, and

are usually prepared in the presence of such bases as NaOH
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and Nana. In contrast, the carbonyl complexes often react
with bases to form salts in which the carbonyl hydride come-
plex, having lost a proton, serves as an anion.
Trifluorophosphine has been shown to be the phosphorus
ligand best equipped electronically and sterically to form

compounds analogous to the carbonyl complexes (1,3-5,33-37).

recently by photoelectron spectroscopy (37), to exceed CO

in its electron acceptor capabilities., The complex

HzFe(PFB)q has been discussed only briefly (3). It is a

colorless liquid, melting at about -80 C; the metal-hydro-
]

gen stretching absorption is observed at 1935 cm ~« Much more
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at 205 C. Unlike similar complexes with organo-phosphines
and phosphites, this compound is acidic, and, in general,
its properties resemble those of JzFe(CO)4n

More recently, the triethylphosphite member of this
series, HZFe(P(OEt)B)Q, was reported (38)., The metal-
hydrogen stretching frequency was observed at 1912 cm
(CS2 solution); an absorption at this relatively high
energy is usually indicative of a cis configuration. The
n.m.r. spectrum shows a quintet at v 26.0, from which the
authors concluded that the configuration of the hydride
ive lines observed in the

ligands must be trans., The £

room temperature n.m.r. spectrum might well have been



attributed to nonrigidity of the molecule, especially since
b N—— s s . 31

both the low temperature proton n.m.r. and the P nom.cs

spectra indicated a structure of lower symmetry.

mentioned above, the

J
|—-.4
(0]
v
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In comparison with the com

ubject of res work., H.Fel(C.H. 17 s
subject of the present work, MZFQ\(C6hD>P(Oczﬂs)2)43 is
relatively easy to prepare (see Experimental Section).

The compound is obtained as well-formed light yelliow

i

crystals, which decompose af exposure to

stored in a carefully sealed vessel under nitrogen

iy

gir. I
or argon, the compcocund is stable indefinitely. Because
of its relatively high thermal stability (decomposition
occurs at 130 - ISOOC), the complex is well suited for-
spectral study.

Initial n.m.r. data {39) indicated that in methyl-
cyclohexane solution the complex perhaps was undergoing
a rapid rearrangement. At room temperature a symmetric
quintet ( v 24.3) was observed, having peak area ratios of
1:4:6:4:1, At -6OOC9 however, two resonances were observed,
The first, at 7 21.0, was another quintet, but not as well
resolved as the first. The second, at = 23.4, was a
poorly resolved triplet of doublets. Figure 1 shows the
high-field p.m.,r. spectrum of the complex. (More recent
n.,m.,r, experiments have given much better resolution of the
bands (40). The compound is unstable in solution, and the

long periods of time between sample preparation and the
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Figure 1. High~Field N.m.r. Spectrum of
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actual determinations apparently caused enough decomposition
in the initial samples to lower the resolution,)

The infrared spectra of HzFe((C6H5)P(OC2HS)2)4 also
indicated changes were taking place in solution., Spectra
of Nujol mulls and XBr pellets of the compound in the solid
state showed a broad, medium band at 1973 cm-l which was
tentatively assigned to the metal~hydrogen stretching fre-
quency. In solution, however, this band disappeared, and
the only band in the 1700 - 2200 cm_l region not observed
in spectrum of the phosphine ligand was a weak, broad
absorption including several peaks, the most
prominent of these being observed at 1918 and 1946 cmnl,
several other peaks
in the spectrum, the intensity of the Fe-H absorption in
solution was found to be about half the intensity observed
for v(Fe-H) in the spectrum of the solid.

Although it seemed apparent that a rearrangement was
taking place, the evidence at this stage was insufficient
to give a reasonable explanation of the observations,

There were two apparent directions for further study. The
crystals could be studied by x-ray diffraction,or solutions
of the complex could be investigated by n.m.r., and irc,
spectroscopy. An xzZ-ray crystal structure of the complex
would give the configuration of the molecule in the solid

state, and might supply some hints for the elucidation of



the species in solution., An infrared and n.m.r, study

might produce enough evidence to assign approximate confige
urations to the species in solution; but the configuration
in the solid state still would be uncertain. It was decided
to proceed along the former path for three reasons: A) the
crystal structure of a complex transition metal dihydride
had never been determined (23,41); such an investigation
would serve as a test of the theory that cis dihydrides
generally absorb infrared radiation in the 1800 - 2050 cm

region; B) crystals of HzFe(’C H

65 ¢
transparent, well-defined, and from all outward appearances
generally well suited for x-ray investigation; and C) the

necessary equipment for a thorough n.m.r. study was not

readily avallable.,
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THE X-RAY CRYSTAL STRUCTURE OF HzFe((CéHS)P(OC2H5)2)4

Coliection and Treatment of the Data

Since all of the observed iron-hydrogen stretching

absorptions of this compound were located well within the

.
— —'L - . - -
1800 - 2050 cm range, this determination began and was

[

he

- -~
on tna

e

carried out wWith 3

(0]

Xpectat

{

ligands would be shown to have a cis configuration.

As noted, the crystals of HZ}E‘e(((36'£~15)P(OC32H5)2)1,r are
large, and in many cases, too large for accurate X=-ray

work., X-ray absorption by a large irregularly-shaped

crystal alters the values of the recorded intensities, makes

solution of the structure difficult, and in extreme cases,
can yield an incorrect solution for the structure., For this
reason, it 1s desirable to collect intensity data from
small crystals which are at least approximately spherical

n shape. Most of the crystals on hand at the beginning of

Hn

this determination had at least one dimension equal to or



w
~

1

exceeding 1 mm. The optimum crystal thickness, defined as
2/M where p equals the linear absorption coefficient, is
found to be 0.69 mm for this compound. Several recrystalli=-
zations from absolute ethanol were required to obtain well-~
defined crystals that were small enough for investigation,
Since the crystals are moderately air sensitive, a
means of protecting them from the atmosphere was necessary.
The usual method of encapsulation in a glass capillary tube
was found to be unsatisfactory. The very soft crystals could
not be positioned firmly in a capillary tube because of
theilr tendency to crumble as they were pushed into the tube,
As an alternative, the crystals were mounted on thin glass

D

fibers with a clear epoxy cement, and after the mounting

Ph

cenment had hardened, they were carefully coated with more
cement, The mounting operation was carried out with an
8=inch aluminum foil wall built up around the microscope
and mounting apparatus. A rapid flow of argon was admitted
at the bottom of the chamber. Argon is denser than air,
and thus kept the concentration of oxygen inside the walls
much lower than that outside. Once a crystal was mounted,
it was placed in an evacuated dessicator until the cement
hardened. The coating procedure was carried out under the
same conditions as mounting, and the crystals were stored

under argon until the cement was fully cured.

Initial Weissenberg photographs indicated that the unit
o
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cell was triclinic. In order to get accurate cell con-
constants for data collection, it was necessary to obtain
photographs along an additional two axes, requiring the
mounting of several crystals at different angles. (Although
in theory a precession camera could have been used to

obtain the additional cell dimensions, in practice this

was found to be a very difficult and time consuming pro-
cedure.) When, after some time, three suitable axes were

located from the preliminary Weissenberg photographs, pre-

mounted perpendicular to these axes, From a least-squares
refinement of 20 values from the photographs, initial
cell constants were obtained,

For the collection of intensity data, a crystal meas-
uring 0.10 x 0.26 x 0.25 mm was mounted with its b axis
parallel to the ¢ axis of the diffractometer. The b
axis corresponds to the long axis of the crystal. Initially
there was some difficulty in alignment because of confusion
in the sign of the b axis, resulting eventually in the use
of a left-handed cell, The cell dimensions used for the
remainder of the determination were obtained from a least=
squares refinement based on 20 wvalues of 47 reflections
measured on the diffractometer. The cell parameters are
given in Table 1.

The experimental density was measured by the flotation



(5]
O

Table 1, Cell Parameters for HZFe((C6H5)P(OC2H5)2)4

a = 17.4945(30) & a = 122.998(43)°
b = 12.7325(74) B = 90.207(36)
c = 11.9404(59) Y = 94.441(39)

Reduced Cell¥:

a = 11.7938(34) & a= 89,724(31)°
b = 11.9397(63) g = 94,966(27)
¢ = 17.4908(28) Y = 115.135(32)

% Derived from 25 20 wvalues

Index Relationships:

h,=k+1
k. = =1

1. =h

7 g

(The numbers in parentheses indicate the
standard deviations of the final signifi-
cant figures of each value.)
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method using aqueous KI solutions. The experimental value

3

was 1.24(5) gm/cm ; using the cell constants from Table 1,

2
9
a calculated density of 1.27 gm/cm is obtained.

4

General Electric diffractometer using iron oxide-~filtered
cobalt radiation. Although molybdenum radiation 1is
preferable in cases such as this where absorption may be-

come important, the large unit cell precluded its use., The
0 - 20 scanning mechanism was programmed with a scan range
of 2 degrees at 28 = 4 degrees to 4.5 degrees at 28 =

150 degrees., The scanning speed was 7 per minute,
Stationary background counts of 30 seconds each were
obtained at the extremes of each scan.

Check reflections were monitored every twenty reflec-
tions, and indicated a 15% drop in intensity by the end of
data collection. Subseguent examination of the crystal
under a microscope indicated that the crystal had not been
sealed off completely from the atmosphere, and that the
intensity loss was probably due to decomposition by atmos-
pheric oxygen rather than the x-rays. The linear absorp-
tion coefficient was calculated to be MU = 29 cm-l, yielding
transmission factors which varied from 0.45 to 0.74. A
total of 5240 reflections were collected in 13 sets. The
intensities of the reflections were scaled to the intensity

of one of the check reflections which had been assigned a



for all of the data sets. Llorentz

N

0

©

fixed |F| wvalue (10

i

ion corr

®

and polarizai ctions were applied to all the data,

>ut no absorption corrections were made, The data were put

)

on an approximately absolute scale with a Wilson plot; the

L - 2
over-all thermal parameter was B = 1.93 R,
Application of the zero moment test (42) for a center

of symmetry yielded a result which indicated that the cell
was non-centrosymmetric. A visual test can also be made for
symmetry, since centrosymmetric cells usually
give photographs which display reflections which have
intensities varying over a wide range, Non-centroccymmetric

<

end to have reflections which do

(i3

cells, on the other hand,
not vary greatly in intensity. TFrom this aspect,; the cell

ly centrosymmetric (43). The

1]

e

ppeared to be almost certain

(=

error in the statistical test was la

result of a large number of positive high-angle reflections
which were introduced by a high noise level in the data

collection system., Near the end of the refinement, about
3

eighty reflections were noted for which Fcalc was at or

near zero., As the 26 value of these reflections increased,

the Fobc values tended to increase also; indicating that

the errors were in some way related to the length of the
20 scan. Unfortunately, the errors were not consistent
enough to allow suitable corrections to be made., Several

attempts were made to find a satisfactory correction
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function, but all tended to cause excessive corrections,
The error introduced, however, did not become significant
& & i ® : | o

for most reflections until 2§ exceeded 100 ; therefore,
in the final refinements of the structure the data were

(sin @ /A <

_ . . . . o o
limited to those reflections with 20 < 103

0.436, 3088 reflections).
The atomic scattering factors were taken from the

International Tables for X-ray Crystallography (44); those
£

of iron and phosphorus were corrected for the real part of
aromalous dispersion., Although no corrections have been

calculated for cobalt radiation; Cromer (45) has tabulated

o

those for several other radiations including iron and copper.

By extrapolation of these values, anomalous dispersion
- E

I

]
)

corrections were obtained for Fe and P using cobalt radia-
tion. The values used were: for Fe; Af' = =3,55e¢ ; for
P, af' = 0,30e .

Using the entire data set (5240 reflections) a sharp=-
ened three-~dimensional Patterson map was calculated. Eight
major peaks were observed at distances from the origin of

b3 O . k3 . £2) X
about 2 A, the approximate Fe-P bond distance, By examine

ble vectors between these images

I»Jo

S

w

ation of the wvarious poc
of the phosphorus atoms it was possible to separate the
eight vectors into two groups of four vectors each, One
group corresponded to the Fel to P1 vectors, the other to

the Pl—Fe1 vectors, Thus, at this stage, the configuration
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of the phosphorus atoms about the iron atom was determined.
It was found to be approximetely tetrazhedral, with one

S e 3 < B L o [y A
angle of the tetrahedron opened to about 135 . This

or the structure of the

Hh

configuration had been predicted

analogous complexes HzFe(CO)4 (23) and HzFe(PFB)4 (30,
Although the location of the Fe-P vectors presented

no difficulty, the location of the important Fel-Fe2

vector was more complex. The large number of possible

Fe-Fe vectors in the map made selection of symmetry related

pairs very difficult. Several attempts at phasing using

(0]

different Fe_~Fe, vectors as the bases for determining the
1™ %y &

le o produce models which could be re-

e
(O
T

ron position fa

e
e}

P

Ttruetures.,
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fined to realistic
The difficulties encountered in the assignment of the
Patterson vectors led to an attempt to phase the data using
the symbolic addition method (96). Only 418 reflections
were used in the determination and thus the positions of
any atoms revealed would at best be approximate, The cell
was assumed to be centrosymmetric since this greatly
simplified the operation, When the addition procedure
was complete, two possible phasing assignments were found
to have low conflict ratios. Both of these were used to
phase the reflections and a Fourier map was calculated for
each case. In retrospect; it can be seen that one

map approximated the actual atomic positions rather well,
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but due to the distortion and the high noise level, this
was not obvious at the time,

A second attempt was made to determine the position of

=

the Fe -Fe2 vector from the sharpened Patterson map.

1

Instead of searching specifically for the Fel-Fe vector,

2

all the possible vectors corresponding to a reasonable
; ’ Q I
distance between iron atoms (7 - 11 A) were tentatively

at is, vectors from the

ry

assumed to be Fe, to P, vectors; t

1
iron atom of molecule 1 {(at the origin) to the phosphorus

)

atoms of molecule 2., For a centrosymmetric cell, the
endpoints of four of these ”Fel to P2” vectors should
have the same spatial configuration as the images of the
four Pl atoms located about the origin. In order to
identify these four endpoints, all possible vectors were
calculated between the endpoints of the 14 most intense

”Fel-Pz“ vectors, The resulting vectors were then compared

to the analogous wvectors calculated between the images about

the origin of the four P, atoms. Eventually, four end=

1

points of "Fe_,-P,."” vectors were focund which had the same
1 72

localized spatial arrangement as the endpoints of the four

. b3

Fel to Pl vectors and which were related to them by a center

of symmetry. The Fe, toFe, vector was then found by

Z

extrapolation. The image of the Fe, to Fe2 vector appeared

1

<o

as a shoulder on a larger peak resulting from the super-

position of Fe~P and P-P vectors.
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meters of the iron atom and the

The positional par

a8}
O

four phosphorus atoms derived from the Patterson map,
along with the average isotropic temperature factor from
the Wilson plot were used in a calculation of structure
factors., The R at this stage was 0.52, Three successive
calculations of structure factors interspersed with
Fourier syntheses provided the positions of the remaining
non-hydrogen atoms. With all of these atoms included in
the input of the structure factor calculation, the R

stood at 0.30. Adjustment of the scale factor and refine-

ment of the positional parameters using a difference

o}

Fourier map reduced the R to 0.24. A full-matrix least-

-
e

}.J.

positiocnal parameters and the

)

squares refinement of th

isotropic temperature fac

59

At this point in the refinement, the poor quality
of the higher-angle data was realized. The full data set
was not used during the final stages of refinement except
for one instance in which it was used to investigate the
nature of the errors at high values of 28 (see above).
The remaining procedures were carried out using the re-
duced data set of 3088 reflections (28 < 1030).
Anisotropic thermal parameters were then introduced
for all of the non-hydrogen atoms. This greatly increased
the number of parameters to be refined, from 213 to 531.

As a result, it was necessary to refine the parameters in



three successive operations., First, the positional para-
meters of the 53 non-hydrogen atoms were refined while the
scale factor and anisotropic thermal parameters were held

o~

constant. Second,; the thermal parameters of 30 of the

atoms plus the scale factor were refined with the pre-

}J'

viously refined positional parameters and the remaining
thermal parameters being held constant. Third, the thermal
parameters of the remaining atoms plus the scale factor
(and any of the thermal parameters from the previous step
which underwent large shifts) were refined with the pre-
viously refined positional parameters and thermal para=-
meters being held constant. After one complete refinement
operation, the R stood at 0.15.

The ethyl and phenyl hydrogen atoms were then added

ted contributions, They

| ¥

to the least-squares input as fi
were positioned according to their known geometries with
the carbon-hydrogen distance in the phenyl rings assumed
to be 0.9 X and the carbon-hydrogen distance in the ethyl
group assumed to be 1.09 g. The methyl group hydrogen
atoms were staggered with respect to the oxygen atom.
Each hydrogen atom was assigned an isotropic temperature
ey 4 2 5 . v = &

factor 1 & greater than the final isotropic value calcu-
lated for the carbon to which it was bonded. Following
the inclusion of the phenyl and ethyl hydrogen atoms and

the completion of 3 complete cycles of least-squares
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refinement, the R was reduced to 0.062,

A difference Fourier map was then calculated in an
attempt to determine the positions of the hydrogen atoms
coordinated to the iron atom. The most prominent features

£ £ v s G . - ,03
of the map were two peaks, of height 0.67 and 0.49 e /A",
in the regions expected for the hydrogen atoms., Iour

03
other peaks on the map exceeded 0.40 e /A ; these were
associated with remote ethoxy and phenyl carbon atoms
which displayed particularly high anisotropic thermal param-
eters, A second difference Fourier map was calculated
(47), limiting the data to those reflections having

- < n O I=ah) i
sin & /A less than 0.346 (20< 777). he two peaks near
ain the most prominent of the map,

1

at 0.41 and 0.29 e"/i ; but the next highest peaks of this
map did not correspvond to those of the previous map. The
two peaks were the largest in volume as well as intensity
in both of the maps, leading to the conclusion that they
indeed represented the ligand hydrogen atom peaks,

The coordinates of the two hydrogens were included
in the last two cycles of the least-squares refinement;
each atom was assigned an isotropic thermal parameter of
4 22. The R value from the final structure factor calcu-
lated was 0.091; the goodness of fit for the final refine=-
ment was 3.26. The highest peak on the final difference

- 03
Fourier map was 0.47 e /A . The rather high R value at



4.8

nement can be traced to two possible

e

the end of the ref

(0]

sources of error. The slow decomposition df the crystal
might be considered as one source, although the scaling
procedure used should minimize this problem. The more
important problem was.that of the noise in the 280
scanning mechanism, which undoubtedly caused some very
large errors in the intensities of highe-angle and weak
reflections. After the refinement was complete, a struc-
ture factor calculation was made using only those reflec-
tions for which Fops = 20 (2320 reflections). The R
value derived from this calculation was 0.059. Absorptio

. -

of x-rays due to the irregular shape of the crystal might

)

also have introduced some error, but an examination of th
derived anisotropic thermal ellipsoids (see below) indi-
cates that the error introduced by absorption was small.

A second collection of data in order to get better
agreement between the observed and calculated structure
factors was considered, but the structure has now been
investigated by other workers (48). The agreement of
parameters derived from the two separate determinations
is quite good (49); a joint publication is presently

in preparation.

n

e
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Description of the Structure

The structure of the crystal consists of discrete

t Fe~Fe distance being 9.606(2)2.

w

monomeric units, the close

> 2.

The interatomic distances and angles are presented in

m b g & o | M. ek A o ) 3 iy o oS < o 2 E -
Tables 2 and 3. The standard deviations are derived from
W W oo o) ] . ¥ i X o A R B o

the standard deviations of the %, y, and z parameters of
-, £ e -~ e o oy S a N - M A e A o -
the final least-squares refinement. The root-mean-square

in Table 4, Tables of structure factors, positional and
anisotropic thermal parameters, and the derived parameters

henyl and ethyl hydrogen atoms are given in

i
(@]
B
oF
ot
0}

Re}

Appendix 1. The inner coordination of the iron atom is
shown in Figure 2. The configuration is that of a distorted
tetrahedron of phosphorus atoms with the hydrogen atoms

occupying two of the tetrahedral faces, The two phos=-

o

phorus atoms common to both of these faces form a P-Fe-P
- z a4 r O 4 o - e ¥ - O ~ ¥ A El
angle of 136,6(1) , a distortion of 27 from the normal

tetrahedral angle.

1

P O
The average Fe-P bond distance of 2.1383(3) A compares

®



able 2. Interatomic Distances in H
(in Angstroms)
FE = FE 9.606 ( 2) Cé4 = £5
FE — P1 Z2+132 ¢ 3) C5 = Cé6
FE =~ P2 2o 2T § 29 C6 = C1
FE = P3 2.146 ( 3) p2 - 03
FE - P4 2e1&T ( 3) 03 - C1l7
FE = H1 1.435 (59) Cl? = C18
FE = H1 1.457 (—-—)3=x P2 - 04
FE - HZ l+562 (73) 04 - €19
FE = H2 1.542 (==)= Clg = £20
Pl = P2 3957 ( B) P2 = Cll
PL — P3 Ba221 L 3) LY = GL2
P1L - P4 3.472 ( &) Clz = G138
P1 - H1 2.248 (65) Cl3 - Cl4
P1 - H1 2.093 (=—==)3k Cl4 - C15
P1 = H2 Z«259 (58) Ci5 = (G186
P1 - H2 2.328 {(==—)=* €16 = CTll
P2 - P3 3.462 ( 3) P3 - (35
P2 - P4 3.260 ( 3) 05 - C27
p2 == H3 2111 (58} C27 = C28
P2 ~—~ HI1 2.202 (——)s P3 - 06
P2 — H2 2.296 (710} 06 -~ 629
P2 - H2 2175 (==)3* C29 = (£30
P3 - P4 3.343 ( &) P3 - 21
P3 - HI1 3.542 (62) G2l — L22
P3 =~ H1 3.509 (—=)=% G2z - C23
P3 - H2 2:518 (57) C23 = C24
P33 — HZ2 2578 {——)=% C24 - C25
P4 - Hi1 2.682 (66) C25 —- C26
P4 - H1 2865 (==)% Cz26 - C21
P4 = H2 3.703 (74) P4 - 07
Pa = H2 3.76) (=-—)3* 0 - C37
HlI = H2 1.909(104) C37T - €38
H1 - H2 1.680 (=—)=% P4 - 08
Pl = D1 l1.614 ( 5) 38 = €39
01 -~ €7F 1.418 (12) C39 - C40
Ctr - C8 1.438 (15) P4 - C31
PL = 02 LaBB) | 6) €31 ~ C32
02 — C9 1.404 (15 C32 = £33
ce9 - C1lo0 1.423 (15) C33 - C34
Pl = CI 1807 (11 C34 - (C35
cl - C2 L33 (13) €328 = L£36
cC2 - C3 1.382 (20) €36 = C31L
C3 = C4 1.359 (18)

* Derived from difference Fourier parameters.
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omic ATJSIOS of HzFe((C6I{5>P<OC2HS)2>4

P1l = FE = P2 136.6 ( 1)
P1 = FE = P3 97.7 (1)
Pl - FE - P4 108.4 ( 1)
Pi = FE =  Hil 753 (26)
FL = FE = Hl 68.4 (—=)3k
Pl —  FE - H2 13.6 (21)
Pl = FE = H2 768 (-—)%x
P2 = EE — P23 108.3 ( 1)
P2 = - P4 99.4 ( 1)
P2 = PE = HL 69«6 23]
P2 — FE - Hl 732 ()%
Ri2 = PFE = HZ 53 (23)
P2 =~ EE = HZ 70T (—=)%
P3 - FE - P4 102.3 (1)
P3 = [EE = Hl 162.8 (31)
P3 - & - Hi 153 o4 (—— 0}
P3 =  FE - HZ 82.9 (22)
P3 = FE = HZ 8Fsl d——)
P4 I -  Hl 94.9 (30)
P4 - FE -  Hl 103 & of==)%
P& = EE = H2 172.9 (23)
P& - FE - H2 168.3 (——)%
H1l == - H2 79.0 (37)
H1 = FE = Hz G851 (==])%
01 -~ Pl - 02 101e3 [ 3)
Cl —= Pl - 02 94.2 ( &)
01 = Pl = €1 100.7 ( &)
P1 -~ gl - G 123.6 ( 6)
01 = (7 = G8 109.9 ( 9)
Pl - D2 = £9 123.2 ( 6)
02 - 9 - 10 112.8 (11)
Pl = Gl = G4 177.1 ( 5)
Pl S O - £2 124.4 ( 8)
P1l = (1 = L6 119.3 ( 8)
G6& = L = 2 116.3 (10)
G1 - (2 ~ 3 121.6 (10)
c2 - 3 - C4 120.5 (11)
3 = % = G5 119.4 (14)
C4 - 5 - €& 119.1 (11)
€5 - Cé - Gl 123.0 (10)

03 = P2 - 04 102+6 ( 3)

* Derived from difference Fourier parameters,



Table 3.

Continued
03 P2
04 p2
P2 03
03 G177
P2 04
04 cil9
P2 Gkl
P2 G1ll
P2 Cii
Gl2 Cli
Gll Gl2
ciz C1l3
G1l3 Clé4
Cl4 €15
15 clé
5 P3
(3% P3
06 P3
P32 8
05 C27
R3 06
06 C.29
P3 C2]
3 C21
22 €21
Cz22 C23
23 C24
C24 25
c25 C26
07 P4
07 P4
08 P4
P& o
07 CAR7
P& 08
08 €39
P4 C31
P4 C31
G332 C31
P& C31
G313 32
€32 C33
C33 C34
C34 €35
C35 C36

w
N

C1E
cLt
€1
G18
ClLg
c20
Clé
Ci2
Clé
Cl6
Cc1l3
Clé4
C15
clé6
CLl
06

GC2T
G211
[
€28
G229
C30
G222
G296
C26
C24
C25
C26
C21
08

€31
G3.1
C37
C38
639
C40
C32
C36
€36
C3¢&
G33
C34
£35
C36
G331

94,9
1008
121.4
11043
122 .4
1127
171663
120w0
1235
1.16..5
122 .7
118%8
120.9
119.9
1212
10k .2

99.7

94 .1
123.0
111 «9
123 .4
109 .9
118.8
124 .4
116.8
121.2
118.1
1220
120.9

99.7

98.8

95.7
1.22 6
109.8
129.1
11549
120.8
123 .4
115.8
178.4
1222
119.3
120.6
120.2
12L.8

(10)
( 3)
¢ 3)
( 4)
( 5)
{ 9)
¢ 7
(10)
t 7
( 6)
{ 8)
( 5)
t 9)
{ 9)
(11)
(11)
( 9)
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a = 136.6(1)°
b= 79 (&)
o = 107,.5(13
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Root-Mean~Square Amplitudes of Vibration of the
Thermal Ellipsocids of HZFe((C6H5)P(OC2H5)2)4
(in Angstroms)

Table 4.

FE 0.16765 0.18817 021571
Pl 0.19190 Q21119 022488
P2 0.17951 020767 0.22315
P3 0.18247 0.19685 0.21942
P& 019532 0.20379 0.21317
01 0.17285 023074 0.29493
02 0.18502 0.25206 0+3B8072
03 0.17188 O o 25585 025967
04 0.15745 0.20900 0.28224
05 0.20110 320352 023504
G6 0.15409 0,.20957 0.27831
07 0.16379 0.20887 0+26935
)8 0.16116 0.22746 0.31908
Gl 0.17934 C.23412 0.26076
G2 0.22234 0.25905 0.33649
€3 0.21828 0.32496 0.37258
C4 0.17836 0:.29745 0.38664
C5 0.25628 028902 032387
Cé 0.16858 028785 0.32844
Cif 0.23509 0.29244 0.32961
8 0.22386 0.26670 0.39598
9 0.23077 0.30085 0.40880
G110 0.23469 0.35353 0.50130
GILY 0.19483 0.20539 0e26228
Gle 0.18036 0.24918 0.29758
€13 Q22579 0.30912 0.32894
Cl4 0.17798 0.34154 0.39964
C1l5 0.20410 0«35529 0.41377
G B G 0.18453 0.27884% 0.36411
CLi7 0.18163 025149 0.,28666
18 0.22053 0.27905 029327
G198 0.15965 0:26229 0.41389
€20 0.17908 0.32226 0.40677
Gzl 0.17842 0.18209 0.24660
G 2 0.20685 0.22398 0.38262
C23 0.18177 0.27566 0.42362
C24 0.20751 0.28607 0.38641
G256 0.16742 0.29878 0.39309
C26 0.17988 0.23482 0.34878
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Continued

C2T
C28
C29
C30
C3L
€32
6353
C34
£35
€36
G37
C38
£39
C40

019645
0.22758
0,20684
0+18537
015165
021039
0.21301
0.20064
020879
0.20653
0.18880
0.18890
0.17203
0.22194

027 169
(8] 0254'69
024573

0.28039

0.20176
0.22417
0.25302
0.22640
0.25074
0.25302
0.27107
0.+32353
0.27908
0.+33876

0.32011
030278
0.33374
0.35661
0+ 24593
0.27697
0.34712
0.41586
038119
0.29337
0.30180
0439512
0.34373
0.39232
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o 5 A Cas el -Pel . e YOOl Yol (5
with 2.23 A fer uSHS“V\us.;j)CO-\P(CD ._/)3)3 (50;51); 2,13 X
O
T~ ~HFolP(CC - He T (59 a 92 5 A far B ~0N
LOE u;)x‘srf_‘(; \\,g(n:)):g)zi. \_/.i>g and 2.25 A for l*eB(uO)IIP-
3). Although the estimated accuracy of these

ure values was not reported, it appears that the
iron-phosphorus bond i1s somewhat shorter for phosphite
ligands than it is for phosphines. This is consistent
with the expectation that the inductive effects of the
electronegative oxygens increase the metal to phosphorus

back donation, and thus shorten the Fe-P bond., The Fe=P

2

e

bond distances trans to the hydride ligands are slightly,

Presumably, the longer bond distances for the trans

ligands result from the strong trans influence of the
hydride ligand (2).

The average Fe-H bond length of 1.499(66) £ is not
significantly different from the metal-hydrogen distances
reported for HRh(CO)(P(06H5)3)3 1,6(1) g {(x-ray) (47),
HCo(N,) (P(CgHs)g)g 1.6(1) 8 (x-ray) (54), and HMn (CO)
1.601(16) & (neutron diffraction) (26). It should be

noted that x-ray diffraction depends upon scattering by

s

electrons and that the positions of maximum electron den-
gity are generally assumed to be the positions of the

corresponding nuclei. In the case of the electron-poor



-

hydrogen atom, especially when it is bonded to a much
heavier atom, the indicated electron density maximum does
not necessarily coincide with the proton position. For
this reason, it is doubtful that an x-ray determined iron-
wydrogen bond distance can be accurate to more than 0,1 2.
A more reasonable value of the Fe-ll bond distance would
then be 1.5(1) X, in agreement with the corrected Fe-H
distance derived from the broad-line p.m.xn spectrum of
Hch(CO)4 (see above),

The structures of the ligand has been determined pre-
viously in an x-ray study of Ni( N)z(P(C6H5)(OCZH5)2)3 (55).

Table 5 compares average bond distances for the ligand

O
6]

5 of the nickel complex

Fh

erived from the crystal structur

[aN
»

st mentioned, the present iron complex, and a cobalt

=

¥

Cu,

complex reported below,

Clearly, the carbon-carbon distarces are unrealistic,
especially in the case of the ethoxy groups. The shortened
distances are probably the result of partial disordering in
the ethoxy and phenyl groups (55). As might be expected,
the average of the relatively rigid phenyl carbon-carbon
distances is only 0,02 £ shorter than the usual 1.39 X,
while the average of the less restricted ethoxy carbone
carbon distances is 0.10 2 shorter than the usually quoted
1,54 & value.

If all P-O distances are assumed to be equivalent,
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Table 5. Average Bond Distances in Coordinated

C6HSP(OC2H5) 2
Bond Ni(CN)oLag® HyFely, HCoL,
P-0 1.58 & 1.62 & 1.63
P-C 1.76 1.82 1.83
0=C 1 645 1.42 142
ethyl C-C 1.43 1.44 181
phenyl C-C ——— 1.37 Lo

* from Ref. 55
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the standard deviation from the mean is found to be

o O r - - 2 . ) Y A - .
0.020 A. This is 3 to 4 times the standard deviations
derived from the least-squares refinement. Similarly, if
all P-C distances are a ed equal, the standard deviation

ss

from the mean is 0.026 ?, about 3 times the values derived

from the least-squares. Thus, the standard deviations
ported for these bonds in Table 2 are underestimated

ly as a result of

o

1
oa

(€]

by a factor of approximately 4, pr

some disorder in the carbon and oxygen atom positiorns,

iew of the H2F6L4 molecule is given
in Figure 3. Atoms P3, P4, Fe, Hl, and H2 are roughly
planar, the maximum deviation from the least-squares

plane being 0.05 £. The atomic deviations from this least-
squares plane, as well as those of the four phenyl rings,
are given in Table 6. As can be seen from the Figure,

the configuration of the four phosphorus atoms about the
iron atom is nearly tetrahedral., The deviations from the
normal tetrahedral angle vary from 1 to 270. (Ia the iso-
electronic cobalt complex, HCo({(C_H.)P(OC h-) )4 (see below)
the range of deviations is reduced to 1 to 15°, The
corresponding nickel complex, Ni((C. 5)B(Ou2u5>2>4, is

very probably tetrahedral, although twinning problems have

prevented any direct confirmation by xX-ray diffraction.)



Table 6, Deviations from Least-Squares Planes in
. Fa / Y OC = 1w
HZL C(Kcol.b>P(Ubét$D>2>4
(in Angstroms)

EQUATORIAL PLANE

ATOM DEVIATION

FE 0.0114

P3 0.0251

P4 -.0288

H1 0.0429

H2 -.0506

RING 1 RING 2
ATOM DEVIAT ION AT OM DEVIATION
C1l -.0009 C1ll -.0119
c2 -.0017 C12 0.0097
c3 0.0025 C13 -.0029
C4 -.0008 Cl4 -.0015
C5 -.0018 C15 -.0012
cé 0.0026 Cl6 0.0077
RING 3 RING 4

ATOM DEVIATION ATOM DEVIATION
£21 0.0026 C31 -.0067
c22 ~-.0031 €32 -.0042
g 0.0049 €33 0.0047
C24 ~-.0062 C34 0.0058
€25 0.0058 C35 =«0170

Cz26 -.0040 C36 0.0174
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The hydrogen atoms occupy two faces of the tetrahedral
skeleton, distorting the ccmmon Pl-Fe-P2 angle to 136.6(1)%
Alternatively, the configuration of the complex could
be considered as a highly distorted octahedron. In view
of the general tendency toward tetrahedral'coordination
of the non-hydrogen ligands in complexes of this type,
the tetrahedral skeleton provides the more realistic model.
From the root-mean-square amplitudes of vibration of
the thermal ellipsoids (Table 4) and the stereoscopic
drawing of the molecule (Figure 3), it can be seen that
the thermal ellipsoids are greatest for carbon atoms far
removed from the iron atom. Again it appears likely that

many of these atoms suffer at least partially from disordexn

H

The absence of any correction for absorption casts some
doubt on the values derived for the thermal parameters,
However, comparison of the wvibrations of this molecule
with those of the very similar HCo((C6H5)P(OC2H5)2)4 mole=
cule (see below), shows that the directions of the vibra-
tions, if not the magnitudes, are nearly identical. The
crystal sizes and shapes for the two determinations were
quite different and would be expected to yield different
directions for the thermal vibrations if absorption was

a major problem., The similarity of the thermal vibrations
in the two structures can then be taken as an indication

that absorption was only of minor importance.
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A stereoscopnic drawing of the unit cell is given
in Figure 4. Because of the large distarnce between
molecules and the bulk of the phosphonite ligands,
there 1s no apparent intermolecular interaction between

hydride ligands., Such an interaction has been suggested

for HMn(CO)S (286},
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DISCUSSION OF THE SPECTRAL PROPERTIES OF

As the x-ray structure determination was drawing to

a close, a paper reporting the n.m.r. spectrum of

3
(G

H?FC<(C6H5>P<OC2HF>Q)Q was published (29). The authors

ts reported differ from ocur values by about
0«5 ppme. More recent determinations in our laboratory

are in much better agreement with the reported values.)

In the spectrum at -50°¢c, the triplet of doublets

P-4

(r= 22.93) was assigned to a cis configuration, and the

symmetric quintet ( v= 20.55) to a trans isomer. The

31 5 - . .
P spectrum was consistent with the cis assignment, but

i)

i

definitiv

0]

resonance for the "trans”" isomer could not

be detected, presumably because of line broadening effects.
A broad, featureless rise in the baseline was assigned to
the "trans™ isomer,

In view of the n.m.r. evidence presented, and the



to a trans isomer

the five line spec

phosphorus atoms are

isomer obviously

. tl same
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phosphorus ligands in
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going rapid intramolecula
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an additicnal means of
dihydride isomers, namely
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Table 7 gives the

region,
for dihydride complexes con-

The absorptions listed for

re generally very intense and

642 cm

1

in compound
in the spectrum, almost
very strong P~0-C absorption at

band at
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Table 7 Metal-Hydrogen Stretching Frequencies fof
Complex Metal Dihydrides
Compound v (M=-H) cm"1 Ref,

HZRU<C2H4(PEt2>2>2 . 1615 59
HZRu(o-C6H4(PEt2)2)2 1617% 59
HzRu(CéHSP(OEt)z)Q 1643 40
HZPt(PEt3)2 1670 60,861
Wzos(Bﬁz?CHZPPLZ)Z 1712 62
HZCU(O-CC£4(?ZC2)7)Z 1720% 25
HZOS(CZH4<PEt2>2>2 1721 >4

1 HzFe(o-C6H4(PEt2)2)2 1726 28,30,31
HzRu((C6H5)ZPCH3)4 1940,1885 57
HZFe(PF3)4 1935 3
IizFe(C6I{5P(OEt)2)4 1973 —
HyIrCl(CgHsPEE,) 4 2162,2026 21

4 HZIrCl(PPh3)3 2215,2110 63,064
HthClz(PEtS)z 2254,22658h 65

L S A~ o ke PO
~ in benzene solution
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stretch, but similar relationships have been observed in
ases involving carbonyls. Such a relationship implies
that as the bond strength of one M-H bond increases, the
strength of the other decreases, in agreement with the
behavior expected from consideration of the trans influence
of the hydride ligand (58). The bands reported for com-
pounds IX through X1V are only weak to medium in intensity.
In some cases, two bands are observed; for others, only
one broad band is detected. These observations are consis-
tent with the belief that in compounds 1 through VIII the

Vvmpr el 3
ayocria

o
=
(=
02
Q

ands have a trans configuration, and in com-

,
LN
Yy
=
<
o)
0
} °
[}
(9]
(@]
,)

pounds IX throug! “iguration. The xX-ray

crystal structure described

o

bove for compound XI is in
agreement with the cis structure predicted from the metal-
hydrogen stretching frequency.

It should be noted that at present structural data
are available for only one of the trans dihydride complexes,
compound 1II. Preliminary results indicate that the
complex is indeed trans. The P-Ru-P angle is approximately
160 , indicating only a 200 distortion from the regular
octahedral geometry (49).
An interesting aspect of the infrared study of com=-

pound I1III is that in the spectrum of a solution of III

(in methylcyclohexane) the intense band at 1643 cm is

absent, and a very broad, weak band is observed at 1895cm



(40). This implies that the trans isomer has rearranged

in solution to form a species in which there is no longer

w
w
3]

o

a strong trans interaction between the hydride ligands.
Such a rearrangement is apparently not universal for this
type of complex, since strong, low energy metal hydride

absorptions have been observed for both Il and VI in

benzene solution. The n.m.r. spectrum of HzRu((C6H5)P-
(OC2H5)2)4 reportedly shows the presence of cis and trans
isomers in solution (&
The subject of the present work, H,Fe{{(C, Hz)P(CC,Hz)5),
65 2 3% 2

s

X rum which is

3
5

able 7, displays an infrared spec

H-

n
markedly different from that of its ruthenium analog

(see Figure 5). By comparison with the spectrum of the.
dideuteride complex, it is possible to assign the rather
broad band at 1973 cm-1 to the iron-hydrogen stretching
mode. In the Raman spectrum a band of similar shape and
intensity is observed at 1978 cm-l. The v (M-D) absorp-
tion could only be detected as a broadening of a ligand

C-C band at 1434 cm—l. Although the intensities and shapes
of several bands were altered on conversion of the hydride
to the deuteride, it was not possible to isolate the

P-Fe-H bending mode. 3ecause of the low symmetry of the
molecule, extensive mixing of the bending modes is expected.
The spectra of the complex in solution are quite

different (compare Figures 6 and 7). At 29OOK(17OC) only



L=PhP (OEﬂZ

{

cm™? 2000 1800 1600

Figure 5. Infrared Spectrum of Solid hZFe<<C6H5)P<OCZH5)2)4
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Figure 6. Low-Temperature Infrared Spectrum of
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Figure 7. Low=-Temperature Infrared Spectrum of
— DyFe((CgH5)P(0CoH5) 5)y



a small peak (1929 cm—l) can be assigned to metal-hydrogen
o o

stretching. As the temperature is reduced to 213 K(-507C)
this band shifts to 1919 cm = and an additional band
appears at 12818 em + This temperature corresponds approx-
imately to the low temperature limit of the n.m.r. data.
As the temperature is reduced even further, a third peak
appears at about 1965 ecm . 1In the two higher energy peaks,
some fine structure is seen, most of wnich is probably due
to enhancement of underlying ligand modes which are mixed
with the hydride modes (compare with low temperature
spectrum of the deuterated species, Figure 7).

Assuming that the assignment of the low temperature
n.m.r. signals are correct,; the three bands observed

should correspond to cis and trans isomers. Since two

bands are expected for the cis isomer, and since the cis
isomer is expected to absorb at higher energies than the

trans isomer, the bands at 1919 and 1965 cm can be

o

assigned to the cis species., This leaves the lower energy

-1 ) :
band (1818 em ) available for a “trans" assignment, in

o,

[

agreement with the expected lower energy absorption for

rans species. If this is the case, however; the trans

t

inf luence of the hydrides upon one dﬂOL ler must be reduced
-] i

considerably, since 1818 cm is still higher in energy

than the usual 1600 - 1750 ecm  observed for trans species,

Although the assignment of bands in this case is not
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unambiguous, two important observations can be made con-
cerning the nature of the species in solution. First; no
changes are observed in the spectrum below 1750 cm o

If a true trans isomer were present, a narrow low-energy
band would be expected in this region. Although some
minor changes occur in the broad band at 1664 cm-l, these
are not observed until about 170°K, far below the temper-
ature at which the "trans" quintet is observed in the
Nn.m.r.. Second, none of the bands observed at any of the
temperatures has the intensity expected for a trans isomer.
The n.m.r. spectrum indicates nearly equal population of
the eis and "trans” states at -50°C, and yet in the infrared
spectrum at 213%k (-6OOC) no band clearly dominates the
spectrum., In fact, if one uses as standards the relative
intensities of the phenyl C-C bands at 1589 and 1572 cm'-1
in both the solid (Figure 3) and solution (Figure 4)
spectra, it is seen that the v (M-H) bands in solution are
even weaker than the weak to medium metal-hydrogen stretch
observed for the solid,

The infrared data indicate, then, that there is no
trans isomer in solution at low temperature., To be more
specific, there is no trans isomer having the two hydride
ligands positioned at or near 180o from one another. It
is possible, however, to describe two isomeric species

which could produce the observed spectra.
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The crystal structures of HZFe((CsHS)P(OCZHS)Z)4 and
HCo((CgHs5)P(OCoH5)9),4 and much of the data available for
similar complexes favor a tetrahedral arrangement for the
phosphorus atoms about the metal atoms. Although it is
traditional to discuss the rearrangement of six-coordinate
species on the basis of octahedral symmetry, such a con-
figuration, even if considered in a distorted form, is of
little value in the present case. A tetrahedral phosphorus
skeleton gives a fairly accurate representation of the
true structure of the molecule., In the following discus-
sion this configuration is used as a basis for the examina=-
tion of possible hydride positions,

In order to place two hydrogens in the framework of
the tetrahedron, there are five possible pairs of positions
to consider (see Figure 8): A) two adjacent faces,

B) two adjacent edges, C) two non~-adjacent edges, D) a face
and an adjacent edge, and E) a face and a non-adjacent

edge. A and B both are cis type isomers, and since the
crystal structure shows the complex is a distorted form of
A, it is probably the A species which produces the triplet
of doublets in the low temperature n.m.r. C represents

the trans type isomer which has been proposed (29) to
explain the n.m.r. spectra, but which is not consistent
with the infrared data. D is not expected to be a realistic

alternative because of the large nonbonded repulsion



Figure 8. Possible Locations for Two Hydrogen Ligands in
a Tetrahedral Phosphorus Skeleton
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between hydride ligands. The E species remains as a
possible trans-type isomer in solution.

A structure of the E type is in better agreement
with the spectral data than the C type. The H-Fe-H angle
in such a molecule would be approximately 1250. Even
allowing for an expected 10 - 20° distortion from the
regular symmetry, this angle is significantly less than
1800, and the Fe-H stretching absorption thus is not

expected to be significantly more intense than that of a

cis isomer. The trans influence of the hydride ligands

with respect to one another should decrease with the
H-Fe-H angle, and the Fe-H stretching frequency is not
expected to be found in the low energy (1600 - 1750 cm-l)
region., Rapid rearrangement of the hydrides from face to
edge and edge to face about the tetrahedron of phosphorus
atoms would produce an apparent equivalence of the phos=
phorus atoms and lead to a quintet in the high field
p.m.r. spectrum. The rearrangements of the phosphorus
atoms during this process are much smaller than those
required to produce the same effect in the C species.

(In fact, the rearrangements necessary for the hydrogen
to "see” four apparently equivalent phosphorus atoms in
the C species are even greater than the rearrangement
required to convert the C species to the A species,)

It should be emphasized that although the two species
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in solution resemble types A and E in form, the distortion
of the iron-phosphorus skeleton from regular tetrahedral
symmetry is undoubtedly significant. The form of the A
species in solution is probably similar to the structure
found for the solid, with an H-Fe~H angle of 80 - IOO0

(as opposed to 109O for the undistorted case). The struce
ture of the E species is difficult to predict, although

in the n.m.r. spectrum its resonance is observed at a
lower field, indicating that the metal-hydrogen distance
is longer than in the A form (66). This may be the result
of trans influence effects, which are expected to increase
with the H-Fe-H angle. 1t might also be due to the higher
degree of crowding in the edge position; which could be
decreased by a longer Fe-H bond. In view of this, it
seems likely that the H-Fe-H angle lies somewhere between
1250 and 1450. The maximum deviation of the P-Fe-P angle
from 109O is likely to be about 25 =- 28O for both species,
The relatively high energy required to rearrange the phos=
phorus atoms from the distorted A form to the distorted E
form and vice versa leads to an increase in the lifetime
of each state until at =50°C both states can be observed
in the n.m.r. spectrum. Distortions of the phosphorus
atom skeleton which accompany the hydrogen atom rearrange=
ment within the E form are apparently less difficult and

an averaged spectrum is observed for this species, even

at low temperature,



It is interesting to speculate on the nature of species
if extensive (20 =~ 300) distortions of the phosphorus atom
skeleton were not possible, In such instances; the edge
positions become energetically unfavorable, since posi-
tioning of a ligand in an edge position implies a rather
large distortion (20 - 250 in this case) of the P-Fe-P
angle., A ligand in a facial position requires distortions
of only 5 = 150. We would expect that species of an A
type would predominate; since all other possibilities
require the participation of at least one edge position.
In recent work, low temperature n.m.r. spectra were investe-
igated for fourteen HZML4 complexes (where M = Fe or Ru,
and L = various phosphines and phosphites) (48). Only
the complexes of (C6H5)P(OCZH5) indicated the presence of
any “trans” (E) species at low temperatures; the other
complexes displayed the cis (A) spectrum exclusively,

An examination of Table 6 shows that of the eight
complexes which appear to have a trans (C) configuratiqn,
only III1 and 1V do not contain bidentate phosphorus
ligands, Since 1V cannot have a tetrahedral skeleton of
phosphorus atoms, III remains as the only compound of this
type not containing bidentate ligands. Any tetrahedral
skeleton formed by two chelating phosphorus ligands will
have two edges which cannot be distorted to allow hydride

~

occupation. However; because of the reduced bulk of a
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bidentate ligand compared to 2 similar monodentate ligands,
the remaining four edge positions are relatively easy to
"open up” for a hydride ligand. Also,molecular models of
bidentate ligand structures indicate that both square-
planar and tetrahedral arrangements of the phosphorus

atoms are sterically unfavorable. An intermediate struce
ture, which in effect results in the opening of two edge
positions, seems more favorable. This may account for the
predominance of bidentate ligands in the complexes which

appear ¢ £

o]

have trans (C) configurations. The presence o

5

chelatin

4

ligands will also be expected to reduce the

o

number of possible rearrangements in this type of complex;
unfortunately, no low temperature n.m.r. or ir, work has
been reported for the complexes containing chelating
ligands, The ability of ((C6H5)P(OCZH5)2 to produce a
trans (C) complex (I11) is again probably due to its
ability to distort from a regular tetrahedral configuration
about the metal atom,

Thus, it appears that HzFe((C6H5)P(OCZH5)2)4, having
a cis-like structure in the solid state, forms two isomers
in solution, one similar to the solid state structure, and
the other resembling a distorted "trans" species in which
the hydrides occupy a face and non-adjacent edge of a disw
torted tetrahedron of phosphorus atoms. Although the

infrared spectra indicate that several dihydride complexes
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have the trans (C) structure in the solid state; no
n.m,r., Spectra have been observed for a C species in

solution.,
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SECTION III

HYDRIDOTETRAKIS (DIETHYLPHENYLPHOSPHONITE) COBALT (1)



INTRODUCTION

The first complex cobalt metal hydride, HCo(CO)4, was
reported a few years after the preparation of its iron
analog (9,67). 1ts properties are generally quite similar
to those of the iron complex., 1t is a thermally unstable
liquid which decomposes at =26°a (68)., The dissociation
constant for HCo(CO)4 has been found to be about 1, indie
cating that the complex acts as a very strong acid (69).

As in the case of the iron compound, the structure is
uncertain,.but the results of the electron diffraction
experiments (24) imply that the carbonyls are disposed
tetrahedrally about the cobalt atom, suggesting that the
hydrogen probably occupies one of the faces of the tetra-
hedron.

1t was not until 1963 that the first complex cobalt
hydride containing phosphorus ligands, HCo(PhZPCZHaPth)Z =
was reported (70). The red crystals are thermally stable
(dec. 28000), but darken after a few hours exposure to air.

On the basis of the dipole moment (3.50 D) and isomorphism
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ronic nickel complex, the compound is

T

St it . .
with the isolec

©

1

to have the same tetrahedral structure proposed

o
(¢
' -
Pl
@
<
0]
Q.
i
b

for the carbonyl complex (71). No high-field p.m,.r.
spectrum could be observed, presumably because of the low
solubility of the complex.

The trifluorophosphine analog of this series,
HCo(PFB)A, was reported in 1965 (72). The properties of
the PF3 complex closely resemble those of the carbonyl
hydride, The complex is a yellowish liquid with strong
acidic character. Unlike the carbonyl complex, however,
the PF, derivative is thermally stable (dec. 250°C) (3).
The n.m.r. spectrum displays a single broad signal at high
field which is unchanged even at —SOOC. A recent low
temperature x-ray investigation of this complex shows the
phosphorus atom configuration is very nearly tetrahedral
(deviations of the P-Fe-P angles from 109.50 vary from
0.2 to 8.50). The hydrogen atom was not located (73).

Kruse and Atalla (38) have reported the synthesis and
spectral properties of a phosphite analog, HCo(P(OEt)S)a.
The complex is moderately stable toward oxygen in the solid
state, and is oxidized rapidly in solution. A quintet
( v 25.8) is observed in the high=-field p.m.r. spectrum;
it remains unchanged even when spectra are obtained at
-580C. Because of this apparent lack of temperature de-

, the authors concluded that the structure of the

o

pendenc



complex must be square-pyramical,

Triarylphosphite complexes, HCo(P(OAr))l}s have also
been reported (74), with Ar = Ph, m-MeCgHy, p-MeCgH,, and
p-CLcéﬁq. The complexes form pale yellow, hexagonal

platelets which are stable to air for several wecks, The

1

n.m.r. spectra of these complexes display the same fea=-
tures observed for the triethylphosphite compound. No
change in the quintet resonance was observed over a tem=-
perature range of +30 to 4076, Isomorphism (x-ray powder
photographs) with the corresponding tetrakistriarylphos=

hite nickel complexes led the authors to suggest that

g

b3

e

w
e
]

not yet enough evidence to eliminate the pos

n}

6]

e wa

¢t

o
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y of a non-rigid structure in sclution. It was con-

.

1t the complexes in the solid state probably have

0.
®
(oW
ot
1%}
i

clu

a trigonal bipyramidal skeleton, with the phosphorus

02

atoms distorted toward a tetrahedral arrangement.,

The subject of the present study, HCO((C6H5)P(OC2H5)2M1
is similar in many respects to the trialkyl-and triaryl-
phosphite complexes. The compound crystallizes as well=
formed yellow-orange crystals which are stable to the
atmosphere for several days. The crystals are similar in
habit to those of the corresponding iron complex, although
an increased elongation along the b axis gives them a more
needle-like appearance, The n.m.,r. spectrum (Figure 9)

shows a quintet ( v 24.3; J = 21.5 cps), which eventually
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Figure 9. High-Field P.m.r. Spectrum of
HCo((CéHS)P(OCZHS)z)4



coalesces to a broad singlet (band width 250 c¢ps, =+ 22.5)

the structural

iy

at low temperature (~50°C). Because o
questions which had arisen concerning this series of com=

pounds; an Xe-ray structure determination was undertaken.
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THE X~-RAY CRYSTAL STRUCTURE OF HCo((CgHs5)P(0CoHs5)9)4

Treatment of Data

O

Collection an

As in the case of the corresponding iron complex,
several recrystallizations were necessary to obtain
crystals small enough for x-ray investigation., Mounting
of the crystals was carried out in the manner described
above,

Initial Weissenberg photographs were remarkably
similar to those of the iron complex. Photographs of both
complexes could be superimposed upon one another with very
little detectable difference; indicating that the struc-
tures of the two complexes were nearly identical, Instead
of determining cell constants by the photographic method,
the cell constants of the iron complex were used for
orienting the crystal on the diffractometer. The a and ¢
axes were interchanged in order to have a more conventional
cell, {(The iron cell had a>b>c; the normal convention

is to have c¢>b>a.)
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A crystal with dimensions 0.08 x 0.08 x 0.15 mm was

-

on, The crystal was mounted with

'-h

chosen for data collect
the b axis (0.15 mm) approximately parallel to the ¢ axis

of the diffractometer, With the detector centered on an
intense reflection, the window of the pulse-height analyzer
was adjusted for an optimum signal to noise ratio. The

20 wvalues of fifteen high~angle reflections were deter-
mined by careful centering of each reflection . The values
were then used in a least-squares calculation of the cell

parameters. The resultant parameters, which were used in

o

all of the subsequent operation are given in Table 8.

9]
<@

The corresponding ¢ and X wvalues for the fifteen reflec-

tions were used as input for the orientation program of

A Datex-automated General Electric diffractometer with
iron-oxide filtered cobalt radiation was used for the
collection of intensity data. The scan range and speed were
identical with those of the previocus determination.

Four check reflections were monitored, one every
twenty reflections., At the completion of the data collec-
tion, the intensities of the check reflections had decreased

- 5%. The intensities of 4294 reflections (20 < 120°
sin 0 /X <0.483) were determined in 15 sets. The data

from each set were scaled to one of the check reflections

ich was given a fixed I|F| value for all of the sets,
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8. Cell Parameters for HCO((CéHS)P(OC2H5)2)4

a = 11.9317¢18) & a= 95,503(14)°
b = 12.8406(24) 8= 89,752(12)
c = 17.6800(15) Y = 123.090(10)
Vv = 2255.23(98) g Space Group Pl
Reduced Cell:

& = 11.8302(17) A a= 90,248(14)°
b = 11,9317(20) 8= 95,724(11)
c = 17.6800(15) Y = 114.582(14)

Index Relationshipss

h.=h+ k
kr = =h
1 =1
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The value of |F| used was that observed for the correse
ponding reflection in HZFe((C6H5)P(OCZH5)2)4' For ex-
tremely intense reflections, the x-ray tube current was
reduced by 50% and extra filtration (iron foil, 00,0008
inch) was employed.

The linear absorption coefficient was calculated to
be U = 34 cm-l, and the transmission factors thus varied
from 0.60 to 0,76. No absorption corrections were applied

to the data; Lorenz and polarization corrections were made,

)

jt}

All refl s less than or equal to

()

< 1 3 £ g 3 b S
ons 0Iaving intensicl

B

CE

zero were assigned F = 0 with a zero weight. The inten-

N

sities of the 4102 remaining non-zero reflections were

used in all subseguent calculations. No unusual trends
were noted in the intensities of the high-angle reflec-
tions.

The atomic scattering factors of the non-hydrogen
atoms were taken from the tables of Hanson, Herman, Lea,
and Skillman (75); those of the hydrogen atoms were
taken from the calculations of Stewart, Davidson, and
Simpson (76). The factors of cobalt and phosphorus were
corrected for the real part of anomalous dispersion.
Extrapolation from Cromer’s values (45) for iron and copper
radiation yielded Af®' for cobalt = -2,18 ¢ and Af' for
phosphorus = 0,30 e .

A sharpened Patterson map was calculated in order to
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locate the heavy atoms. By comparing with the map of the
iron complex, and the known Fel-Fe2 and Fel-P1 vectors,
it was relatively simple to locate the cobalt-cobalt and
cobalt-phosphorus vectors. The Col-Co2 vector was well
resolved in this case; no coincident vectors masked its
position. A calculation of structure factors using the
Patterson-derived coordinates of cobalt and phosphorus
atoms yielded an R value of 0.48., Two successive struce
ture factor calculations interspersed with Fourier syn-
theses provided the positions of the remaining non-
hydrogen atoms. A structure factor calculation with the
positional and thermal (estimated isotropic) parameters
for all of the non-hydrogen atoms yielded an R value of
0.324,

An initial cycle of least-squares refinement was
carried out including the positional parameters of all of
the non-hydrogen atoms with isotropic thermal parameters,
The R was reduced to 0.187. An additional two cycles
yielded an R value of 0.156. The atoms were then allowed
to vibrate anisotropically (refinement carried out in
three successive runs, as above), and following one
complete cycle of refinement, the R stood at 0,081. The
positional parameters of the phosphonite hydrogens were

then calculated according to the known geometries of the

atoms., The phenyl C-H distance was taken to be 0.09 £
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ol
nd the ethyl C-H distance was 1,09 A. These parameters

o)

vere then included in the least-squares calculation as

5,

fixed contributions. The hydrogen atoms were assigned

g ;
thermal parameters equal to 1 greater than the final
isotropic thermal parameters of the carbons to which they

were bonded. Three complete cycles of least-squares refine-

[0}

ment reduced the R to 0,055,

A difference Fourier map was then calculated in an
attempt to locate the ligand hydrogen atom., The most pro=-
minent feature of the map had a peak height of 0,36 e-/XB,
at a logical position for the hydride ligand. The second
highest peak on the map was 0.34 e-/23, which apparently
represented an alternate position for carbon 4. The other
relatively large peaks of the map also seemed to be
related to possible alternate positions for carbon atoms.
After reducing the data set to those reflections having
sin 0 /A <0,387 (20 < 880) a second difference Fourier
map was calculated {(47). The hydride peak was still the
highest at 0.30 e-/23, while the alternate C4 position
showed a peak of 0,28 e-/XB. The isotropic thermal and
positional parameters were included in two additional
cycles of least-squares refinement. The final thermal
parameter for the ligand hydrogen atom was B = 8,79(116) X%
The R at the end of the refinement was 0,050; the goodness

of fit for the final refinement was 2.26,
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Description of the Structure

The unit cell of huo((Cé 1s)P (OCﬁHS)Z/[ is very
similar to that of Hzrc( ( CgH5)P(0CoH5)9) 4, as can be seen
from Figure 10, DBecause of different numbering schenes
applied to the molecules, a list of corresponding atoms

along with the cell parameters of the two cells is given
in Tabl )
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The inner coordinatioa sphere of the cobalt atonm is

®

shown in Figure ll. The phosphorus atoms are even closer
To a tetrahedral configuration than in the case of the
iron complex, The hydrogen occupies the face of the
tetrahedron opposite phosphorus atom 4., The greatest

e

distortion from the regular tetrahedral angle is 15°

m
o
O
=]
ln-lq

between atoms Pl and P2 (124.1(1)O)a The int c
distances and angles are presented in Tables 10 and 11,
Tables of structure factors, positional and anisotropic
thermalparameters, and the derived parameters for the

phenyl and ethyl hydrogen atoms atoms are given in

Appendix I,
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Fipure 10. Stereoscopic Drawings of the Unit Cells

HCo ((CgH5)P(0CyHs5)9) 4
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Table 9, Correspondence of the Unit Cells and Atoms of
the Iron and Cobalt Complexes

Iron Complex Cobalt Complex
Unit Cell Unit Cell

A = 17.4945 (30) C = 17.6800 (15)
B = 12.7325 (74) B = 12.8406 (24)
C = 11.9404 (59) A = 11.9317 (18)
a = 122.998 (43) Y = 123.090 (10)
8 = 90.207 (36) B = 89.752 (12)
Y = 94.441 (39) d = 95.503 (14)

FE co FE co
COMPLEX COMPLEX COMPLEX COMPLEX
cE co C15. C19
Pl P1 C16 C20
P2 P2 C17 C13
P3 P4 c18 Cl4
P4 P3 C19 iy
01l 02 €20 c12
02 01 C21 €35
03 04 2P C36
04 03 c23 Cc37
05 07 C24 C38
06 08 €25 C39
07 05 C26 C40
08 06 c27 C31
C1 C5 c28 C32
¥ Cé6 c29 €33
c3 c7 C30 C34
C4 c8 C31 Cc25
c5 C9 €32 c26
cé C10 €33 C27
c7 C3 C34 - C28
c8 . C4 €35 C29
c9 C1 €36 C30
cio c2 C37 c21
Cl1 C15 c38 c22
C12 Clé6 €39 Cc23
C1l3 C17 C40 C24

Cl4 Cl8 H1 H
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Figure 11, Inner Coordination Sphere of

HCo((CgH5)P(0CH5)9) 4




Table 10, 1Interatomic Distances of HCo((C6H5)P(OC2H5)2)4

(in Angstroms)

¢ -~ €6 9.768 { 1) P2 = 04 1629 { 3.}
co0 - Pl 2.115 ( 2) 04 = C13 1.431 ( 6)
c@ = P2 2.103 ( 2) Cl3 = Cl& l.481 ( 8)
€6 = P3 2.126 ( 1) P2 = E15 1.832 ( 5)
CO - P4 2.128 { 1) €15 — €16 1372 ( W)
8 = H 1.376 (54) Clr = G18 1.238 (11)
CO = H Le540 (——)%* Gl6 = Gl 1383 { 8)
Pl = P2 Se 26  2) G18 = C1'9 1359 (11)
PL = P3 3.584 ( 2) ¢1g — €20 1.376 ( 9)
PL - P& 3197 { 2) €15 — €20 1.372 ( 8)
PL = H 2.29F (65) P3 = 05 1.632 ( 3)
Pl = H 2+372 [==)% 08 = €21 le445 (1 6)
P2 = P3 3.344 ( 2) €2l = €22 le462 ( 9)
P2 - P4 3.431 ( 2) P3 = 06 1.620 ( 3)
piz = H 2123 [(==)% 0 -~ €23 1.385 { 6)
P2 — H 2.018 (58) 23 = C24 1.395 (10)
P3 = P4 3,372 ( 2) PE = (25 1.830 ( 5)
P3 = H 2+436 (—=)=* €25 — C26 130T { 6}
P3 — H 2.412 (54) Cz26 = C27 1.384 ( 8)
P4 - H 34662 (~—)= 2T =~ C28 l1.351 ( 9)
P4 - H 3.493 (52) €28 = C29 1.342 (10)
Pl ,~ 81 1.631 ( 4) C29 = £30 1392 ( 9)
Bk = €1 1.383 ( 8) C25 = C30 1.377 (. 7)
Cl = G2 1.402 (11) P4 - 07 1.623 ( 3)
P1L - 02 l.616 ( 3) gr = C31 1.437 ( 6)
Oz = C3 1.431 ( 9) €31 = €32 1.457 ( 9)
C3 - C4 1.236 (10) P& == (8 l1.621 ( 3)
Pl = €5 1.830 ( 6) 08 = £33 le424 (0 6)
€5 = €6 LeBT3 € 9) C33 - C34 1.479 ( 7)
G& = G7 1.404 (10) P4 ~ £3b 1.825 ( 5)
C7 - C8 1.344 (11) G35 = (36 1e364 ( 7)
L8 =~ C9 1.347 (12) €36 = C3T 1L<375 { 9)
c9 = €10 1.386 ( 9) €37 — C38 1.351 ( 9)
cs - €10 1.375 ( 8) €38 =~ C39 1356 { 9)
Pz - 33 1.635 ( 3) C39 - C40 1.386 ( 9)
03 ~ Cii 1.437 ( 8) €35 = C40 1378 ( T)
- €12 1.401 (10)

Cll

* Derived from difference Fourier parameters
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Table 11. Interatomic Angles of HCo((C6H5)P(OC2H5)2)4

Pl = G - P2 124.1 ( 1)
P1l - GO = P3 115.4 ( 1)
P = 1COh - P4 97«8 ( 1)
Pl = GO - H 79.2 (27)
Pl = O = H 79.2 (==)%
P2 = 8 = P3 104.5 ( 1)
P2 = CO - P4 108.4 ( 1)
P2 = G0 - H 67.2 (25)
P2 = G0 = H 69¢3 (==}
P3 = GO - P4 104.9 ( 1)
P3 = €O - H 84.2 (22)
P3 = CO = H 8leb (==)%
P4 = CB = H 170.8 (22)
P& I 515 = H 17345 [=—)®
Co = PR = O 123.1 ( 1)
CO = Pl = G2 1121 { 2)
CO = P - G5 1233 [ 2)
Pl = 1 = Gl 124.0 ( 4)
01 = &l = 2 116.3 ( 6)
Pk = 2 = 53 121.8 ( 4)
G2 = 3 = L% 116.8 (10}
Pl - (5 = L6 124.0 ( &)
Pl = 5 = €10 119.1 ( 5)
£6 = i = 510 116.9 ( 5)
€5 = €6 = Gl 121.0 ( 6)
Ccé = G - G8 120.0 ( 8)
G - (8 = €9 1202 ( 1)
C8 = g =  £10 120.1 ( 6)
€9 - £l = €5 121.7 ( 6)
Co = P2 = 03 111 [ 1)
CO = P2 - 04 123.9 ( 1)
Co = P2 - €15 121.1 ( 2)
P2 - 03 = GEL 121.6 ( 3)
03 = Gli = Cl2Z 11L1L.9 ( 6)
P2 - 04 ~ (13 119.5 ( 3)
04 = €13 = Gl4% 109.3 ( 4)

* Derived from difference Fourier parameters



Table 11,

P2
P2
Cl6
C15
C16
C17
C18
C19
co
co
co
P3
05
P3
06
P3
P3
C26
€25
C26
G27
c28
C29
co
co
co
P&
07
P4
08
P&
P4
€36
€35
€36
C37
C38
€39

Continued

- C15
- 15
- C15
- C16
- Cc17
- C18
- C19
- C20
- P3

- P3

- P3

- 05

- c21
- 06

- C23
- C25
- €25
- C25
- C26
- cz7
- c28
- C29
- €30
- P4

- P4

- P4

- 07

- c31
- 08

- 33
- €35
- €325
- (35
- 36
- €37
- 38
- €39
- 40

100

€le
C20
C20
CL7
€18
CLg
G20
Cl5
G5

asé

25
g2l
C22
G23
C24
C26
C30
C30
C27
cz28
C29
£30
€25
07

08

G35
£33
€32
£33
C34
C36
C40
C40
C37
C38
C39
C40
C35

11843
124.3
117 .4
121.3
1.19+9
120.4
119.9
1212
1161
120.3
121.0
1231
109.5
126.9
114.2
119.8
123 .0
1172
121.6
119.38
120.2
120.7
120.5
115+8
120.0
119.6
1213
110.6
122 <5
108.6
123 .6
11942
117.1
120.9
121.6
118.8

120.2

12143
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4)
4)
5)
5)
6)
)
1)
6)
1)
1)
1)
3)
5)
4)
6)
4)
33
5%
5)
5)
6)
6)
5)
1)
1)
1)
3)
5)
3)
5)
4)
4)
5)
5)
6)
6)
6)
5)



The average Co-P distance of 2.118(2) R is slightly
longer than the 2,052(5) A observed for Co~P bond in
HCo(PF3)4 (73), and somewhat shorter than the 2.192(8) 2
observed for the Co~P bond in HCo(N 2)(P\C;ﬂ5)3)3 (54),

In view of the w-bonding capabilities of the three phos-
phorus ligands, such an order is expected. Averaging of
the Co-P distances is probably not wvalid because of the
significant variations observed., Similar variations have
istances of H o(.m)(j

f Figure 9 and Table 10

arthest from the cobalt

atom, This is expected for the ligand trans to the hydride,

ce

a

tut the Co-P4 bond is nearly as long,; and this is more
difficult to explain. By comparing this structure with
that of the iron complex, it can be seen that atom P3
corresponds to one of the phosphorus atoms trans to a
hydride., Thus in both complexes, atoms P3 and P4 are
farther from the metal ateoms than atoms Pl and P2, It is
possible that the hydride ligand is di ed in the
cobalt complex, . taking a position corresponding to that of
either Hl or H2 of the iron complex. Since a peak was not

observed in the diffe

r\

rence Fourier at the H2 position, it
is assumed that the predominant species has the hydrogen in
the Hl position. Although the hydrogen was not located in

a recent crystal structure determination of HCO(PF3)4 {73),



P

it was concluded on the basis of the slight distortion of
the phosphorus atoms from a tetrahedral configuration, that
the hydrogen position is disordered, occupying either of
two tetrahedral faces. It is possible that this situation
obtains also 1in the present case. Since the phosphorus

b 5
L1e

(&)

and configuration would very likely be different for the

two species, we should expect large anisotropic thermal

3

fon

parameters for the atoms of the molecule. A comparison of

shecws that the vibrations are indeed larger for the cobalt
complex, However,; such a di ht also be expected
from the relative increase in vibratiocnal freedom in going
from a six-to five-coordinate species, Thus, although

the Co-P distances indicate that the structure is disordered

®

with respect to the two possible hydride positions, the
failure to detect a peak in the HZ position leaves such
disorder cpen to questio

A stereoscopic drawing of the molecule is given<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>